Tyrosine hydroxylase activity of synaptosomes isolated from rat brain was examined. A modified tritium-displacement assay was used, which allowed the measurement of tyrosine hydroxylase activity without the addition of either inhibitors of the metabolism of the hydroxylated products or added exogenous cofactor. The enzyme activity was strongly inhibited by the addition of exogenous catecholamines and 3,4-dihydroxy-L-phenylalanine. Aromatic amines other than catechols did not markedly influence tyrosine hydroxylase activity. These in vitro findings support the hypothesis that synthesis of catecholamines is regulated by a mechanism of endproduct inhibition at the tyrosine hydroxylase step.
Synaptosomes are pinched-off nerve endings with relatively little contamination by non-neuronal elements (1, 2) . They contain the enzymes necessary for the synthesis of dopamine (3,4-dihydroxyphenethylamine) from tyrosine (3, 4) . It has not yet been demonstrated that nerve endings of brain contain the hydroxylase that converts dopamine to norepinephrine. Synaptosomes show tyrosine hydroxylase activity, even without the addition of the pteridine cofactor required by this enzyme (3) . This finding suggests that nerve endings contain this cofactor and the reducing system used to regenerate it. There is much evidence that tyrosine hydroxylase is normally the rate-limiting step in catecholamine biosynthesis (5) . The activity of the enzyme is thought to be regulated by endproduct inhibition, so that dopamine and norepinephrine may regulate their own rates of synthesis by such a mechanism (6, 7) . While 3,4-dihydroxyphenylalanine (DOPA) also inhibits tyrosine hydroxylase in vitro (8) , the lack of significant accumulation of DOPA in tissues normally (9) implies that such a feedback mechanism is not likely to regulate DOPA synthesis in vivo. The rate of neuronal catecholamine synthesis may be modulated by neuronal activity (10) (11) (12) (13) . This activity, by releasing catecholamines at synapses, would lower intraneuronal catecholamine content and thus decrease the inhibition of synthesis. Such a system would provide for the replenishment of neurotransmitter substances as they are being utilized and inactivated. Reuptake appears to be a major means of conserving transmitter catecholamines (14) . The catecholamines that reaccumulate could then inhibit further synthesis. Since active uptake of released amines may be an important factor controlling the rate of catecholamine synthesis, the present study was (15) . The gradients were centrifuged in an SW 27 Spinco rotor at 27,000 rpm for 45 min (15) . The nerve-ending fraction was removed by aspiration, washed in isotonic sucrose to remove Ficoll, and resuspended in the incubation medium. The total time of tissue preparation was 3 hr or less. All preparation were at 0-4°C. Electron microscopy showed the synaptosome fraction to contain many structures identified as nerve-ending particles, but membrane fragments were also present.
Determination of Tyrosine Hydroxylase Activity. The method of Nagatsu et at. (16) was used with modifications. In this assay, [3,5-3H] Ltyrosine is used as substrate, and the amount of tritiated water produced during the 3-hydroxylation is measured. The incubation medium contained 100 mM NaCl, 5 mM KCl, 10 mM. glucose, 50 mM sucrose, 2 mM Na ascorbate, and 2 mM Na EDTA, and was buffered by 15 mM Na phosphate at pH 6.6. Ascorbate was prepared fresh daily. The final tyrosine concentration was 1.5-2.5 X 10-6 M, with about 1 MCi of [3H]tyrosine present in each tube. The total incubation volume was 0.5 ml. Samples were incubated in a metabolic shaker-bath at 37°C for 30 min. The reaction was stopped by addition of 0.05 ml of 2 M Na acetate buffer (pH 4.5) and the tubes were cooled on ice. After low-speed centrifugation at 0°C, supernatants were transferred quantitatively to a small column of Dowex 50 X 8 resin (200-400 mesh, H+-form, 0.4 X 2 cm), which was placed on a column of Dowex 1 X 8 resin (200-400 mesh, OH--form, 0.4 X 2 cm). Columns were then washed three times with 0.85-ml portions of water. Aliquots (2 ml) of the combined effluents were transferred to counting vials, mixed with 13 ml of Bray's solution (17) , and counted in a Packard scintillation counter. In order to estimate contaminating neutral metabolites, the remaining effluent material was lyophilized to dryness; the residue was taken up in 1.0 ml of water and counted in 7 ml of Bray's solution. Incubation of [3H]tyrosine, either with tissue at 0-40C or without tissue at 37°C, permitted estimations of the amount of spontaneously formed radioactive water. Both methods indicated that less than 0.1% of the total tritium present in the incubation mixture was released nonenzymatically. Counting efficiency was determined by the internalstandard method (18) .
Estimation of Tyrosine Accumulation by Synaptosomes. A Millipore filter technique was used (19) . Aliquots of 0.2 ml were removed from the incubation mixture, pipetted into 5 ml of ice-cold 0.32 M sucrose, and poured on a moistened 25-mm 
RESULTS AND DISCUSSION
Synaptosomes incubated with [3H]tyrosine form large amounts of radioactive metabolites, which are mainly acidic products. These acid metabolites are not retained by Dowex-50 resin, and thus interfere with the measurement of tritiated water. While tritiated water was readily removed from the effluent of Dowex-50 columns by lyophilization, up to 80% of the radioactivity could not be removed by this procedure, but remained in the residue. In order to make the tritium-displacement assay suitable for use with synaptosomes, the method of Nagatsu et al. was modified (16) for the removal of metabolites interfering with the measurement of tritiated water. The effluents of the Dowex-50 columns were passed through columns of Dowex-1 resin. Only tritiated water and neutral metabolites should pass through both columns. When an aliquot of the effluent from Dowex-1 columns was lyophilized, less than 5% of the radioactivity in the effluent was found in the residue, indicating that the double-column method adequately removed the tritiated products interfering with the measurement of labeled water, produced by tyrosine hydroxylation. The average activity of tyrosine hydroxylase in 8 synaptosomal preparations was 5.19 ± 3.60 (SD) pmol of aration, the tyrosine hydroxylase assay gave precise results of 3.06 + 0.21 (SD) pmol per min per mg of protein (N = 9).
Tyrosine hydroxylase in intact synaptosomes incubated as in these experiments was found to be half-saturated by a substrate concentration in the medium of about 3 X 10-M tyrosine. With a concentration of tyrosine (2 X 10-5 M)
found to be saturating and used in the present experiments, incubation with various amounts of synaptosomes showed that the assay was linear with tissue concentrations from 0.12 to 0.90 mg of protein per assay tube. The optimum pH for tyrosine hydroxylase was found to be between 6.0 and 6.7. In the present experiments, the reactions were performed at pH 6.6 and contained 0.3-0.8 mg of synaptosomal protein per assay tube. In confirmation of previous findings (8, 22) , 3-iodotyrosine and a-methyl-p-tyrosine were found to be very strong inhibitors of tyrosine hydroxylase at 10-4 M ( Table 1) . This assay method allows the -measurement of tyrosine hydroxylase activity in synaptosomes without interfering with the further metabolism of the newly synthesized DOPA.
The assay was used to study the effect of various compounds on synaptosomal tyrosine hydroxylase activity. The synaptosomes were incubated under conditions known to permit the uptake of exogenous catecholamines (23, 24) , and near the optimum pH for tyrosine hydroxylase activity. Since the incubation mixture was not fortified with the pteridine cofactor, tyrosine hydroxylase activity was dependent on the endogenous cofactor and its regenerating system. Ascorbic acid and EDTA were added to prevent nonenzymatic oxidation of catecholamines.
In the present experiments, it was found that exogenous norepinephrine, dopamine, or DOPA, in concentrations as low as 10-7 M, can inhibit tyrosine hydroxylation (Table 2) . Uptake of exogenous amines raises the intrasynaptosomal concentration of the inhibitory amines to concentrations considerably higher than those in the incubation medium (14) . The Km values for catecholamine uptake by synaptosomes in homogenates (25) and the concentration of catecholamines in the incubation medium required to produce about 50% inhibition of tyrosine hydroxylase (Table 2 ) are very similar. This effect of catecholamine accumulation is probably measured only in nerve endings that contain tyrosine hydroxylase. Therefore, the measurement of enzyme activity provides a method to evaluate indirectly the uptake of catecholamines selectively in dopaminergic and noradrenergic nerve endings, Di-Normetanephrine N, the number of tissue preparations examined, is given in parentheses. The experimental conditions are as in Table 1 .; n.d., not done.
even in a heterogenous population of synaptosomes. When synaptosomes from whole brain were examined, dopamine appeared to be more potent then either norepinephrine or DOPA as an inhibitor of tyrosine hydroxylation. It appears that catecholamines are strong inhibitors of tyrosine hydroxylation and that aromatic amines, other than catechols are much less active under the experimental conditions. Thus, only small degrees of inhibition were found with the amines: tyramine, DLoctopamine, DL-normetanephrine, ,Bphenylethylamine, and serotonin at 1 MM (Tables 1 and  2 ). The weak inhibitory effect of aromatic amines other than catechols on tyrosine hydroxylation may be mediated by the intraneuronal displacement of catecholamines from storage sites, or by competition as substrates for monoamine oxidase; the relative potency of the compounds as inhibitors of tyrosine hydroxylation is probably determined by their relative affinities for the catecholamine-uptake system, as well as by their capacity to inhibit the enzyme tryosine hydroxylase. Studies of the effect of tyramine (26) and octopamine (27) Norepinephrine introduced into the synaptosomal incubation, 12 min after the addition of ['Hityrosine led to a rapid decrease of tyrosine hydroxylase activity, presumably by enhancing the rate of accumulation of norepinephrine intraneuronally. Tyramine had little effect on the time course of enzyme activity (Fig. 1) . In control samples, the rate of production of tritiated water by tyrosine hydroxylase was initially rapid and nearly linear for [15] [16] [17] [18] [19] [20] min, but became increasingly slower thereafter. Whether this spontaneous slowing of tyrosine hydroxylation is mediated by end-product accumulation or by deterioration of the preparation is not known.
The inhibition of tyrosine hydroxylase probably does not result from a reduction of substrate availability. Thus, the rate of accumulation of [HEItyrosine by isolated nerve endings was not altered by adding norepinephrine to the incubation medium at a concentration that strongly inhibited tyrosine hydroxylation (Fig. 2) . Tyramine and dopamine (both at 5 X 10-7 M) were also examined under the same incubation conditions, and had no effect on ['Hityrosine accumulation. Therefore, the inhibitory effects appear to depend on intrasynaptosomal mechanisms.
The concept that catecholamine synthesis is regulated by end-product inhibition of tyrosine hydroxylase has evolved from the initial work of Udenfriend and collaborators (6) (7) (8) . They demonstrated that a high concentration of norepinephrine inhibited a purified tyrosine hydroxylase preparation that was saturated with exogenous cofactor. Spector et al. (28) showed that an increase of brain catecholamine concentration in vivo by inhibition of monoamine oxidase led to decreased fromation of norepinephrine from labeled tyrosine, but not from labeled DOPA. Weiner (11) found, by examination of the isolated vas deferens of the guinea pig, that release of norepinephrine by electrical stimulation led to an increased rate of conversion of labeled tyrosine to norepinephrine. Potassium has been used as a depolarizing agent to release norepinephrine from tissue slices (29) and excess potassium increases tyrosine hydroxylase activity in brain slices.* All of these experimental findings are compatible with the concept that alterations of intraneuronal catecholamine concentration have an important regulatory influence at the rate-limiting step of catecholamine biosynthesis.
Synaptosomes offer several advantages for the study of the synthesis of catecholamines. They allow the direct measurement of tyrosine hydroxylase activity by determination of the amount of tritiated water formed by substrate hydroxylation. Furthermore, synaptosomes are a subcellular fraction that is largely free of contamination by glial and other nonneuronal tissues. In addition, their metabolism is independent of the influence of neuronal electrical activity.
The present findings demonstrate that tyrosine hydroxylase is strongly inhibited by the addition of exogenous catechols, even in concentrations considerably below those previously required to demonstrate this effect. As nerve-ending particles * Harris, J. E., and R. H. Roth, Fed. Proc., 29, 941 Abstr. (1970) . accumulate catecholamines from the incubation medium, the intrasynaptosomal concentrations of catecholamines are presumably much higher than those initially present in the medium. The finding that tyrosine hydroxylation by synaptosomes can be inhibited by exogenous catecholamines suggests further studies to examine the regulation of catecholamine synthesis.
